Transposon mutagenesis and subsequent phenotype-driven screening have been extensively used to annotate gene function and uncover the mechanisms of biological phenomena. During this process, the resulting phenotypic differences are specifically attributable to the disrupted genes. In this study, the complementation of the mini-Tn10 transposon-disrupted gene gntP did not restore the germination ability of the Bacillus thuringiensis MT1518-1 mutant to the wild-type level. Genome sequencing identified 186 unlinked mutations on the chromosome of the mutant MT1518-1, including one frameshift mutation in the germination-related gene exsA. We randomly selected 19 mini-Tn10 mutants for high throughput genome sequencing. The sequencing data revealed that incidental mutations occurred frequently on their chromosomes, including 2343 single-nucleotide polymorphisms, three insertions and one deletion. We also found that stressful conditions are the underlying cause for the appearance of incidental mutations. Caution is warranted when attributing the observed phenotypic changes to the transposon-disrupted genes.
INTRODUCTION
With the explosive growth of genome sequencing, millions of unknown functional genes need characterization, and transposon mutagenesis provides a powerful method to assign phenotypes and functions to genes in a high throughput manner, which allows the identification of most or all the genes required for a particular biological process by screening a genome-wide mutant library. The authenticity of the relationship between the phenotype variations and the disrupted genes becomes particularly important for the use of transposon technology. However, some studies have shown that the observed phenotypic changes were unrelated to the genes disrupted by transposon insertion (Ikadai et al. 2013; Plaut et al. 2014; Kimbrough and Stabb 2015) . For example, the complementation of the pfl2550w gene disrupted by the piggybac transposon did not restore the gametocytogenesis of mutant IGM 2D3 (Ikadai et al. 2013) . This indicates that additional mutations may exist in the transposon mutants. However, no detailed studies have examined whether additional mutations occur during the process of transposon mutagenesis or which factor led to the incidental mutations.
Mutant validation is usually limited to the transposon insertion sites, whereas the presence of extra genetic changes in the mutant attracts little attention. Currently, high throughput sequencing makes the detection of subtle genome mutations possible. For bacteria, the natural environment is highly (Foster 2007) .
Bacillus thuringiensis is a spore-forming soil bacterium and is well known for producing insecticidal crystal proteins (ICPs) during the sporulation phase. These ICPs exhibit specific toxicity against a wide range of insect orders, nematodes and human cancer cells. YBT-1518 is a typical Bacillus thuringiensis strain that displays high toxicity against nematodes. During the identification of germination-related genes in YBT-1518 using transposon mutagenesis in this study, we found that the severe germination defect of the MT1518-1 mutant was unrelated to the transposon-disrupted gene gntP. Genome sequencing identified 186 additional mutations in the MT1518-1 mutant, including one loss-of-function mutation in the germination protein ExsA. High throughput sequencing demonstrated that such incidental mutations were widespread and unevenly distributed in the 19 randomly selected transposon mutants. Furthermore, our results suggest that the stress conditions used during the process of transposon mutagenesis led to the occurrence of incidental mutations.
METHODS

Bacterial strains, growth conditions and DNA manipulations
The bacterial strains and plasmids used in this study are listed in Supplementary Table 1 in the supplementary data, available online. Bacillus thuringiensis YBT-1518 displays high toxicity towards nematodes and is our research model for nematode control (Guo et al. 2008) . Bacillus thuringiensis and Escherichia coli were grown in Luria-Bertani (LB) medium with appropriate antibiotics at 28
• C and 37
• C, respectively. The antibiotics were used at the following concentrations: spectinomycin, 100 μg ml −1 ; erythromycin, 25 μg ml −1 (for B. thuringiensis); and ampicillin, 100 μg ml −1 (for E. coli). DNA manipulation was performed using standard protocols (Green and Sambrook 2012) . The primers gntP-F/R, gntPop-F/R and exsA-F/R were used to amplify the DNA fragments containing the entire sequences of the gntP open reading frame (ORF), gntP operon and exsA ORF (Supplementary Table 2 , available online). Next, the DNA fragments were digested with HindIII and BamHI (for the gntP ORF and exsA), and SalI and XbaI (for the gntPKpgL operon). The resulting digested fragments were then ligated into the E. coli-B. thuringiensis shuttle vector pHT304 (Arantes and Lereclus 1991) to generate the plasmids pHT304-gntP, pHT304-gntPKpgL and pHT304-exsA. Furthermore, the complemented strains MT1518-gntP, MT1518-gntPKpgL and MT1518-exsA were produced by electroporating (Peng et al. 2009 ) the MT1518-1 mutant with the corresponding plasmids. All constructs were confirmed by PCR and Sanger sequencing.
Transposon mutagenesis and enrichment for the germination mutants
The insertion library of Bacillus thuringiensis YBT-1518 was constructed using the temperature-sensitive mini-Tn10 plasmid, pIC333 (Steinmetz and Richter 1994) . About 1 μg of pIC333 was used to transform Bacillus thuringiensis YBT-1518, and transformants were selected on LB plates with spectinomycin (100 μg ml −1 ) and erythromycin (25 μg ml −1 ) at 28
• C. The resultant Erm R and Spc R colonies were collected and cultured in 100 ml LB with appropriate antibiotics at 28
• C for 4 h (optical density at 600 nm (OD 600 ) = ∼0.4). Cells were diluted 100-fold in the 100 ml LB medium and grown at 42
• C (non-permissive temperature for the replication of the plasmid) for 24 h. This step was repeated two times to multiply the B. thuringiensis. At the end of the incubation time, the culture was serially diluted and plated onto LB agar plates. Finally, the erythromycin-sensitive colonies (∼5000 colonies) were collected to produce the library of transposon mutants according to the published method (Gominet et al. 2001) . The mutant MT1518-1 was isolated from the transposon library by germination screening, while another 19 transposon mutants were chosen from the library directly (without undergoing phenotype screening).
Spore germination assay
The mutant cells were collected and cultured in CCY sporulation medium (casein hydrolysate/yeast-containing medium) at 28
• C until 90% free spores were present, and then mutants spores were harvested and washed. The purified spores were activated at 70
• C for 15 min and cooled on ice prior to germination. Germination was induced in l-alanine (50 mM), inosine (25 mM) and AGFK (a mixture of asparagine, glucose, fructose and potassium ions) at 37
• C. Germinated spores were killed by heat treatment at 70
• C for 15 min; the surviving spores were then induced to germinate in LB medium. The sporulation/germination procedure was repeated once more to enrich the mutants with germination defect. In this study the loss of the optical density at OD 600 of the spore suspension was monitored continuously as a feature of germination, whereas the germination may also be assessed by phase contrast microscopy (Hornstra et al. 2005) .
Genome sequencing of transposon mutants
The total DNA of the MT1518-1 mutant and another 19 randomly selected mutants was extracted. Then, the DNA was sequenced using an Illumina HiSeq 2500 platform (Biomarker Technologies, Beijing, China), producing an average of ∼1 GB of clean data for each sample and revealing approximately 170× coverage for the captured regions. Over 85% of the bases have a quality of Q30 (phred quality score=30) or greater.
Single mutant variant calling and variant annotation
The Bowtie2/SAMtools-based pipeline Langmead and Salzberg 2012) and BWA/VarScan-based pipeline (Li and Durbin 2009; Koboldt et al. 2012) were used to call the singlenucleotide polymorphisms (SNPs) and insertions and deletions (indels). For the Bowtie2/SAMtools-based pipeline, the cleaned reads were mapped to the reference genome, YBT-1518 (CP005935.1) (Wang et al. 2014) , using Bowtie2 with the default parameters. Then, the SNPs and indels were called and filtered with SAMtools using the default setting. We removed variants with average quality less than 30. For the BWA/VarScan-based pipeline, the Burrows-Wheeler aligner was used to align the clean reads to the reference genome with default parameters. Finally, we used the VarScan to identify the variants in the pileup file using the conservative parameters reported by Warden et al. (2014) . To minimize the false positive rates, the intersection between the two variant-calling pipelines was used as the final result (Li 2014) . The general statistics, annotation and prediction of effects of the mutations were performed with SnpEff 4.1g software (http://SnpEff.sourceforge.net/) (Cingolani et al. 2012) .
To evaluate the false positive rate, we selected 20 mutations for Sanger sequencing. As we expected, all the mutations were validated (the primers used are shown in Supplementary Table 2) .
Analysis of the Rif R mutagenesis induced by high temperature and antibiotic stress
To confirm that the additional mutations were generated by high temperature exposure and antibiotic stress, mutations to rifampin resistance (Rif R ) in Bacillus thuringiensis and Escherichia coli were identified following a method adapted from López-Olmos et al. (2012) . Overnight cultures were transferred to fresh medium and then subjected to different treatments. The recombinant strains YBT-1518pIC333 (YBT-1518 containing the plasmid pIC333) and DH5α-spc (Escherichia coli DH5α with the The resulting Rif R colonies were then counted. The total number of cells used (1 ml of each culture) was determined using the smearing method. The frequency of the Rif R mutations was described as Rif R colony-forming units (CFU) per 10 9 cells, and these experiments were repeated in triplicate.
Statistical analysis
The reported average values and standard deviations are from three independent experiments. Student's t tests were used to assess the significant difference between the samples, where P < 0.01 was considered statistically significant.
RESULTS AND DISCUSSION
The phenotypic changes of the MT1518-1 mutant is unrelated to the gene disrupted by transposon insertion
To identify the germination-related genes of Bacillus thuringiensis YBT-1518, we generated and screened a mini-Tn10 mutant library for germination mutants. One mutant named MT1518-1 was found to show severe germination defects in l-alanine, inosine and AGFK. Surprisingly, complementation of the transposon-disrupted gene gntP (GntP, GI:558580670) or the potential operon gntPKpgL (GntK, GI:558580669, PgL, GI:558580668) did not restore the germination ability of MT1518-1 to wild-type levels (Fig. S1 in the online supplementary data) (Student's t tests, P < 0.001). This phenomenon has aroused our interest for further research. It is known that the phenotype of a transposon mutant is usually attributed to a transposon insertion. However, the results of this study indicate that the germination defect of the MT1518-1 spores was unrelated to the gene disrupted by the transposon insertion. Thus it is likely that additional mutations occurred on the chromosome of mutant MT1518-1.
Incidental mutations are responsible for the phenotypic changes of mutant MT1518-1
Genome sequencing revealed 184 SNPs, one deletion and one insertion in the MT1518-1 genome. We found four genes that harbor the loss-of-function mutations (Table 1) . In these genes, the exsA became the focus of our attention. The exosporium protein ExsA (AHA74039) is required for the assembly of the coat layer and exosporium onto the spore surface. The exsA mutant spores were found to be defective in germination with l-alanine or inosine (Bailey-Smith et al. 2005) . The ExsA of YBT-1518 shares over 90% of amino acid identities with the ExsA reported in Bacillus cereus. In this study, we found that the germination ability of the MT1518-1 spores was greatly restored by complementing with the gene exsA ( Supplementary Fig. S1 ). In addition, other mutations may also have an effect on the phenotype of the mutant MT1518-1 (Supplementary Table 3 , available online).
Taken together, our results suggested that additional mutations (the unlinked mutations on the chromosome of the transposon insertion) are responsible for the germination defect of MT1518-1. The occurrence of incidental mutations raises questions of whether the presence of such kinds of additional mutations is accidental, or if it is common during the process of transposon mutagenesis.
Incidental mutations occur frequently in the transposon mutants
To answer these questions, we randomly chose 19 mini-Tn10 mutants from the initial transposon library for genome sequencing (erythromycin-sensitive colonies picked from the 42
• C plates that did not undergo any phenotypic screening). After calling the variants from the sequencing data (see Methods), we found a total of 2343 SNPs, three insertions (INS) and one deletion (DEL) in the 19 transposon mutants (Table 2) . Among all the mutations, almost 66% were present on the chromosome, and the remaining 34% were unevenly distributed on the six plasmids. Surprisingly, nearly 30% of the total mutations were found on the plasmids pBMB0232 and pBMB0233 (Fig. 1A) . The high mutation frequency of these two plasmids may be associated with the sequence specificity (they have an abundance of transposable elements and insertion sequence (IS) elements). Our data showed that non-synonymous mutations (missense and nonsense mutations) account for ∼40% of the total mutations (Fig. 1B) . Forty-five nonsense mutations were found in six genes, which encode two hypothetical proteins, two reverse transcriptase/maturases, one DNA integration/recombination/inversion protein and one phage tail length tape-measure protein (Table 3 ). In addition, we found 68 genes that harbor missense mutations (Table 3 ). Among them, 45 genes (>66%) encode the hypothetical proteins, phage-related proteins and transposable elements. Eight genes (∼12%) are enriched in tandem repeats, such as the germination receptor gerIA, the SpoVID-dependent spore coat assembly factor safA and cell division protein (Table 3) . Genes with abundant tandem repeats were reported to be highly variable, and mutations of such kinds of genes usually confer the bacteria sequence flexibility in genomes, allowing targeted mutation and evolution (Zhou, Aertsen and Michiels 2014) . In addition to these mutations, we detected many silent (synonymous mutations) and 'non-coding region' mutations in the 19 transposon mutants, which account for nearly 60% of the total mutations (Fig. 1B) .
In this study, we observed that the incidental mutations occurred in a very small subset of genes, especially the phagerelated genes. Mutations of phage-related proteins may reduce the phage infection and the mother cell lysis. Therefore, the threat of death to the bacteria by prophage induction would be reduced (Casjens 2003) . We also found a proportion of mutated genes of mutant MT1518-1 to be in common with those reported in the other 19 transposon mutants. Although the same genes were found, the majority of their SNPs (>90%) were different. These common mutated genes may be selected by high-temperature incubation and antibiotic stress. For example, variations of 50S ribosomal protein L4 have been identified to confer resistance to the macrolide antibiotic in Escherichia coli (Wittmann et al. 1973) and Bacillus subtilis (Sharrock, Leighton and Wittmann 1981) . Furthermore, the strains with the same transposon insertion site show remarkable differences in the type and number of variants. For example, mutant MT1518-3 has more than two times as many variants as mutant MT1518-16, although they were disrupted by transposon insertion at the same gene (gluconate permease, GI:558580670). Mutants MT1518-5, MT1518-6 and MT1518-8 with the same insertion sites (pBMB0233 72581) still have different variants (Table 2 and  Supplementary Table 1) . The above data suggest that the occurrence of incidental mutations and transposon insertion are two independent events, and these incidental mutations probably arose after the transposon events.
From the data shown by this study, we found that the incidental mutations (mutations beyond the transposon insertion sites) existed in each of the transposon mutants (Table 2 ). This result implies that gene disruption caused by transposon insertion is probably not the only reason for the phenotype changes, and additional mutations may affect protein function or even lead to the phenotypic variations of the transposon mutants. Thus, more caution is needed in assessing the causal relationship between the resulting phenotypic differences and the genes disrupted by transposon insertions. After all, the phenomenon of phenotype changes that are unrelated to the targeted genes has been encountered when using transposon technology (Ikadai et al. 2013; Plaut et al. 2014; Kimbrough and Stabb 2015) .
Stress conditions result in the occurrence of incidental mutations
In addition to the insertion site, the transposon event does not cause some extra genetic variations in theory. However, in the traditional transposon systems, the transposition mutants were usually selected by culturing the bacteria at nonpermissive temperatures and using antibiotic resistance markers on the transposon system (Bordi et al. 2008) . Thus, are the stress conditions used the underlying cause of these incidental mutations? To answer this question, the mutations to rifampin resistance were determined as an index to reflect the effect of high temperature and antibiotics on genetic mutations. We used . The Rif R mutation frequency was described as the Rif R CFU per 10 9 variable cells (details in Methods). In (A), the temperature gradient was used to assess the effects of high temperature on genetic mutation frequency. In (B), the effects of antibiotics on the Rif R mutation frequency was determined at four temperatures gradients (we failed to obtain data for the Rif R mutation frequency with antibiotics at 44
• C because the harsh conditions were lethal to the bacterial cells). The average Rif R frequency and standard deviations are shown (data from three independent experiments). Statistical significance/not significant (NS) indicated. The asterisk ( * ) indicates values that were significantly different (P < 0.001).
the recombinant YBT-1518pIC333 (used to construct the insertion library) as the test strain, and the frequency of the Rif R mutation is described as the average number of Rif R colonies per 10 9 viable cells (see Methods).
We found that the high culture temperature led to the emergence of Rif R mutations. As is shown in Fig. 2A , no Rif R mutations were detected for the test strain cultured at either 28 • C or 37
• C, but the Rif R mutation frequencies improved significantly with the temperature increase (at least twofold for the adjacent temperature gradients, 44
• C is close to the maximum growth temperature of YBT-1518). Antibiotics also have a significant influence on the frequency of Rif R mutations (Fig. 2B) . Adding excessive amounts of spectinomycin or erythromycin resulted in the occurrence of Rif R mutations even if the cells were cultured at the optimum temperature (28 • C). With the increase in culture temperature, the use of normal concentrations of antibiotic improved the Rif R mutation frequency at least twofold (P < 0.001). Surprisingly, at 42
• C, excessive amounts of antibiotics did not result in a significant change in the frequency of mutations compared with the normal concentrations. This phenomenon is likely because some mutant cells with Rif R mutation were dead due to the extreme environmental conditions (42 • C and excessive amounts of antibiotics), so the Rif R mutation frequency checked by us was likely to be lower than the real Rif R mutation frequency in these harsh conditions. These results suggest that non-permissive temperatures and antibiotic selections stress the bacteria, promoting genetic variability, and this conclusion has been further confirmed in E. coli ( Supplementary Fig. S2 ). Our results provide a good explanation for the source of additional gene mutations during the transposon mutagenesis.
By genome sequencing 19 randomly selected mutants, we found that unlinked mutations occurred frequently on the chromosome of transposon insertion. These results emphasize the need for circumspection when dealing with the causal relationship between the phenotype and the transposon-inserted gene. Targeted gene deletion or complementation of the genes disrupted by transposon insertions would help corroborate the specific attribution of phenotypic effects.
SUPPLEMENTARY DATA
Supplementary data are available at FEMSLE online. 
